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S '  

. , . . Pro j ec;:. ': ... :. .. . .A . . - .  '- ?xper :  ~ e n t  s p o n s o r e d  by  A u s t r a l  , O i l  
'.-* . \ _  .. . . . ,: 

: Company, :i 'r,-1. :-To.:;..- ..-.. ... .. . i .llc u . S .  !,l:~rili~: Energy Commission, 
:- L : a n d  the !~ep: .~ j . .  ..: Y.:,. J . . .  . :. :-ior , t h  Program Management 

. p r o v i d e d  by C. .;.. :-C.:;I-: .C~.C~: i ; o r ~ c ) r s x i o ~ ?  of  Las Vegas , Nevada, 
unde contra  c .' .;- .... : . . . .  ....., . . .-: - l i  - - 2.1:. l <. purp0.s e  i.s t o  s t u d y  t h e  economic 

., . . - and t e c h n i c a l  Fer:.~:.. . :  ; -:..- i.f i l s ing u n d e r g r o u l ~ d  n u c l e a r  e x p l o s i o n s  
t o  s t i m u l s t e  p r ~ d u c t j  (>;I ai n a t u r a l  g a s  f rom t h e  low p r o d u c t i v i t y ,  
g a s - b e a r i n g  Mesavej-de Format ion  i n  t h e  R u l i s o n  f i e l d .  

The n u c l e a r  e x p l o s i v e  f o r  P r o j e c t  R u l i s o n  was d e t o n a t e d  s u c e s s -  
f u l l y  a t  3:00 p.m. p l u s  0 . 1  seconds  Mounta in  D a y l i g h t  Time, 
September 1 0 ,  1969 ,  a t  a  d e p t h  o f  8431 f e e t  below ground  l e v e l  
and was comple t e ly  c o n t a i n e d .  P r e l i m i n a r y  r e s u l t s  i n d i c a t e  t h a t  
t h e  Ru l i son  d e v i c e  behaved  a b o u t  as  e x p e c t e d ;  i . e . ,  w i t h  a  y i e l d  
of 40 2 2 g  KT. The w e l l h e a d  o f  t h e  emplacement w e l l ,  Hayward 
25-95A, i s  a t  an  e l e v a t i o n  o f  8,154 f e e t  above mean s e a  l e v e l  
(MSL) and i s  l o c a t e d  1 , 9 7 6 . 3 1  f e e t  e a s t  o f  w e s t  l i n e  and 1 , 8 1 3 . 1 9  
f e e t  n o r t h  o f  s o u t h  l i n e  o f  S e c t i o n  2 5 ,  Township 7 S o u t h ,  Range 
95 West of 6 t h  p.m., G a r f i e l ' d  County,  Co lo rado ,  which c o r r e s p o n d s  
t o  g e o d e t i c  c o o r d i n a t e s  o f  l o n g i t u d e  1 0 7 O ,  5 6 ' ,  53" w e s t  and 
l a t i t u d e  39", 2 4 ' ,  21" n o r t h .  



PURPOSE OF EVA L UP,T I ON 

. . ' '  .Th . i s  :cr.s.ort p r o v i d e s  t h e  . e q u a t i o n s  r-ecessar). ' t o  f~ i :~? . . ' - - '  . . .. . . - 
... . . . .  ' . .  .,<A . . 

' '..>I . , . . .  - /- ..:...~.:s&.i-:ims. f o r  f u t u r e ' n u c l e a ~ .  detcna..tiorls 1!-, >.LL . r , .L.  . . . . 
1') " 1 v : i . . . . .  i . using t h e s e  e q u a t i o n s ,  it i s  p o s s i b l e  -2.c i;;;- 

. . . . . .. . :.. . .. ,.!r::&;. c.i:;.ve techll iques t o  e s t i m a t e  t h e  damage t o  be  e x p e c t c d  -,. . , la: 

sL:.:. blL -2~-2  i~ s 1 ' oq . s .  The formulae d e r i v e d  and t h e  c o n c l u s i o n s  ~ c a c h c : : '  
i n  this r e p o r t  zire t h o s e  of CER and no coficilrrence By t i l t :  .!.Z.l: . :. 
meant o r  implied. .  

TI1 e 
Atom 
does 

s a f e t y  c r i t e r i a  p r e s e n t e d  a r e  t h o s e  t h a t  were used by t h e  
i c  .Energy Cominission o,n the K u l i s o n  e v e n t .  T h e i r  p r e s e n t z t i o n  

no t  imply. CER'  s concur rence .  The 'obse rved  e f f e c t s  from t h e  
f i r s t  R u l i s o n  ' de tona t ion  seem t o  i n d i c a t e  t h a t  t h e  c r i t e r i a  a.re 
o v e r l y  r e s t r i c t i v e  and - t h a t  some r e l a x a t i o n  cou ld  be made w i t h o u t  

. . 
i n c r e a s i n g  t h e  s a f e t y  h a z a r d .  



3 .  'REGRESSICIN EQUATION DERIVATIONS 

The equat i .011~ shown i n  Appendix k a r e  b a s e d  on an a n a l y s i s  -of 
. . .  t h e  d 2  t a  [A:-,fznd.ix R >  :-eco.-Zc-.d A - L; ,  i n %  t h e  R u l i s o n  e x p l o s i o n .  ( ' 9 q). . ' ': O n l y  d a r s  2 :--,.I. L - .  . .  . -  !. ~-;-~.l- - ~ ~ ; _ " . k l ?  d cza t i c : - : s  . : e r e .  u s e d  i n  - t h e  a n a l y s i s  , 

. . 
-.., . : - . . . I1 .;-:;';ions .we;*..: ;:sed. Th.e, d a t a .  ]lave bee .  np dz.ta J r o . . ~ :  ' :..: . . . .. .... 

3 j, z 2 a- 5 -": .I. . 2  . - : . -  .' . . : . .  .::... : ..: .. . 2 , <:.::i;;~*:<; ' . : : . ; : i~btf~l  ail6 i n c o n s i s  tcfi'; d a t a . :  

- 1 .- rndepen .ic;.!-.: ~,::.~~;c,c-i-ior~s 0 2  t h e  r e i o r d e d  ' v e l o c i t i e s  'v;erf: 
. . r .  . .-. ma.de by t i l : ;  c: . 3 :  seas il a.rld Geode t i c  Survey  and . t h e  'Envirbn-  - - m e n t a l  Rese2.i-ell ~ o r p b r a t i o n .  Wi-ien t h e  computed r e s u l t s  d i f  - 

f e r e d  by mcre .  t h z n  1 0  p e ~ c e n t ,  t h e  d a t a .  were c9ns i .dered  ' 

d o ~ i b t f u i  and e l i m i n a t e d  from t h e  a n a l y s i s .  

2 .  A l l  s t a t i o n s  w i t h  l e s s  t h a n  t h r e e  components a v a i l a b l e  f o r  
a n a l y s i s  were exc luded .  

0 

3 .  S t a t i o n  R-08 was i n s i d e  t h e  Mobil mine ,  a  s i t u a t i o n  which 
g i v e s  d a t a  t h a t  a r e  s u b j e c t  t o  t o p o g r a p h i c  e f f e c t s ;  h e n c e ,  
t h e s e  d a t a  were e l i m i n a t e d .  

4 .  S t a t i o n s  R26 and R 2 7  were . l o c a t e d  l e s s  t h a n  1 ,000  f e e t  a p a r t  
i n  t h e  town o f  R i f l e ;  however, t h e r e  were s i g n i f i c a n t  v a r i -  
a t i o n s  i n  t h e  d a t a .  S t a t i o n  R26 was s e l e c t e d  a s  b e i n g  th ,e  
most r e p r e s e n t a t i v e  o f  a  h a r d - r o c k  s t a t i o n  and d a t a  from 
S t a t i o n . R Z 7  were e l i m i n a t e d .  

5 .  The same s i t u a t i o n  e x i s t e d  w i t 1 1  S t a t i o n s  R 1 2  and R13 i n  t h e  
town o f  De Beque. S t a t i o n  R 1 2  w a s  , s e l e c t e d  a s  b e i n g  t h e  most 
r e p r e s e n t a t i v e  of a h a r d - r o c k  s t a t i o n  s i t u a t i o n  and t h e  d a t a '  
from S t a t i o n  R13 were  e l i m i n a t e d .  Subsequen t  m i c r o t r e m o r  
s u r v e y s  have con f i rmed  t h e  a l l uv ium n a t u r e  o f  S t a t i o n s  R 2 7  
and  R13 j u s t i f y i n g  t h e  e l i m i n a t i o n  o f  t h e i r  d a t a  f rom t h e  
a n a l y s i s .  

The e q u a t i o n s  r e s u l t i n g  from t h i s  a n a l y s i s  of t h e  R u l i s o n  d a t a  
w i l l  b e  v a l i d  f o r  p o i n t  s o u r c e  o r  s i n g l e  d e v i c e  e v e n t s .  Whether 
o r  n o t  t h e s e  e q u a t i o n s  w i l l  h o l d  f o r  m u l t i - d e v i c e  s i m u l t a n e o u s  
d e t o n a t i o n s  i s  open t o  q u e s t i o n .  

The a n a l y s i s  c o n s i s t e d  o f  a l i n e a r  " l e a s t  s q u a r e "  f i t t i n g " o f  
t h e  d a t a  by a  s i n g l e  l i n e  i n  t h e  l o g a r i t h m i c  domain. The r e s u l t s  
a r e  g iven  i n  e q u a t i o n  form i n  Appendix A and ,shown g r a p h i c a l l y  
i n  Appendix C .  I n  t h e  c o u r s e  o f  t h e  a n a l y s i s ,  t h e  d a t a  seemed 
t o  s p l i t  i n t o  two c o n s i s t e n t  s e t s  w i t h  t h e  s p l i t  b e i n g  a t  app rox -  
i m a t e l y  2 2  km. I f  th ' e  r e g r e s s i o n  e q u a t i o n s  a r e  d e r i v e d ' o n  t h e  
b a s i s  o f  a l l  t h e  d a t a  from 0  t o  , 2 9 6  km, t h e  d i s t a n t  d a t a  (where 
no damage i s  e x p e c t e d )  have t o o  much i n f l u e n c e  on t h e  r e g r e s s i o n  
a n a l y s i s  when compared w i t h  t h e  . i n f l u e n c e  o f  t h e  c l o s e - i n  p o i n t s  
where damage i s  e x p e c t e d .  The u s e  o f  t h e  e q u a t i o n s  b a s e d  on a l l  
t h e  d a t a  (A1, A & ,  V 1 ,  V 4 ,  D l ,  and  D4) w i l l  g i v e  p e s s i m i s t i c  p r e - '  
d i c t i o n s  from 0 t o  a p p r o x i m a t e l y  1 0  km, o p t i m i s t i c  p r e d i c t i o n s  
from approx ima te ly  1 0  k m  t o  app rox ima te ly  80 km, and p e s s i m i s t i c  



. . 

. . .  

, - 

. . 

p r e d i c t i o n s  beyond t h i s  d i s t a n c e .  T h e r e f o r e ,  i t  i s  recommended 
t h a t  Equa t ions  A 2 ,  A s ,  V 2 ,  V 5 ,  D 2 ?  and D 5  b e  used  for d i s t a n c e s  
o f  l e s s  t h a n  2 2  km and ' t h a t  Equat ions  A 3 ,  A! ,- V 3 ,  V 6 ,  D 3 ,  and D6 

be  used  f o r  d i s t a n c e s  g r e a t e r  t h a n  2 2  km. 



. . Once t h e  d e ~ i s l c ~ : .  k. . e ( :~ .  :ilk-" . i.b czt i G ~ I  p 6ep -2h. o  1 
of dcv; b u r i a l ,  yiel'ci, anli .'. .. . , .ce, a. s e i s m j . ~  program can be 

formula tea .  

. - .  . The type  of hevice  ! % 7 1 ; ~  ~. ; :e r - i r~c  , .  , - ;.!LC dr:;!.zn. y i e l d  and t h e  n a x i -  
mum c r e d i b l e  y i e l d .  Some t y p e s  c $  I ' e v l c ,  5 nave undergone nore  
t e s t i n g  hence t h e  u n z e r t a l n t y  i n  j.S.c? : ... s s m a l l e r .  I n  t h e  c a s e  
of t h e  Rul ison  .dev ice  t h e  de s ign ,  y i e l d  was 4 0  k t  .and t h e  maximuiit 
c r e d i b l e  y i e l d  was 60  k t .  O the r  t y p e s  ~f d.evices could d e c r e a s e  
t h e  d i f f e r e n c e  b.etween t h e  des ign  y i e l d  and ~rlaximum c r e d i b l e  
y i e l d .  Throughout t h e  fo rmula t ion  of t h e  s e i s m i c  program t h s  
s a f e t y  c r i t e r i a  should be based  .on  t h e '  peak h o r i z o n t a l  con~panent  
of t h e  a c c e l e r a t i o n  p r e d i c t e d  from t h e  maximum c r e d i b l e  y i e l d .  

By u s i n g  the .  s c a l i n g  formulae SI, , S6,  and Se , t h e  new p r e d i c t i o n  
e q u a t i o n s  can be de r ived  from t h e  Rul ison  r e g r e s s i o n  e q u a t i o n s .  
In t h e s e  e q u a t i o n s  t h e  s u b s c r i p t  1 r e f e r s  t o  the'  paranieters  o f  
t h e  proposed de tona t ion '  and t h e  s u b s c r i p t  2 r e f e r s  t o  t h e  Rul ison  
parameters .  Th.e equa t ions  needed a r e  f o r  bo th  t h e  peak v e c t o r  
q u a n t i t i e s  and t h e  peak h o r i z o n t a l  components f o r  t h e  maximum 
c r e d i b l e  y i e l d .  

The s e i s m i c  e f f e c t ' s  program c u s t o m a r i l y  used by t h e  AEC i .nvclves 
d i v i d i n g  ' t h e  a r e a  i n t o  s e v e r a l  z.ones based  on c r i t e r i a  which a r e  
va lues  o f  t h e  peak h o r i z o n t a l  component of  a c c e l e r a t i o n , .  

Zone 1 

The f i r s t  zone extends  from t h e  Emplacement Well (EW) o u t  t o  a  
r a d i a l  d i s t a n c e  where t h e  peak h o r i z o n t a l  component of a c c e l e r a -  
t i o n  has  a t t e n u a t e d  t o  0 . 3  g. With in  t h i s  f i r s t  zone a  s a f e t y  
p l a n  a p p r o p r i a t e  t o  t h i s  degree  of  a c c e l e r a t i o n  should  b e  p r c -  
p a r e d ,  approved, and executed .  I n  t h e  c a s e  of t h e  Rul ison  e v e n t  
t h e  p l a n  f o r  t h i s  zone c a l l e d  f o r  e v a c u a t i o n  of a l l  n o n - d e t o n a t i o n  
connected people  from t h e  a r e a .  ' I n  a  few cases  where f a m i l i e s  
remained i n  t h e  zone, each  was moni tored  by a  P u b l i c  Hea l th  S e r -  
v i c e  r e p r e s e n t a t i v e .  I n  comparison w i t h  Rulison e f f e c t s ,  t h i s  
c r i t e r i o n  appears  t o  be e x c e s s i v e l y  r e s t r i c t i v e  and John A.  Blume 
4 A s s o c i a t e s  has recommended t h a t  t h e  AEC c o n s i d e r  r e l a x i n g  t h e  
c r i t e r i o n .  The Rulison e f f e c t s  seem t o  i n d i c a t e  t h a t  a  va lue  of  
0 .5  g t o  0 . 7  g would be r e a l i s t i c .  

Zone 2 

The second zone extends  from Zone 1 o u t  t o  a r a d i a l  d i s t a n c e  
where t h e  peak h o r i z o n t a l  component o f  a c c e l e r a t i o n  h'as a t t e n -  
u a t e d  t o  0 . 1  g .  Within t h i s  zone a  s a f e t y  p l a n  a p p r o p r i a t e  t o  
t h i s  degree of  a c c e l e r a t i o n  shou ld  be p r e p a r e d ,  approved,  and 

- 5 -  



e x e c u t e d ;  T:i:r t h e  Rul- i sc~?  .event-  'c:~.; p i a n  . f o r  . : th i s  zone c a l l e d  
f r F, 3. 2 :.,. .:: .. .. . - . : t o  b e .  olr-:r:.S.6e. any s t r u c t u r e s  6 t .  a .  d i s t a n c e  no - 

*. ;, . . j . e c s . .  ..:.' : I - :  :. .:.,v- ..:,:: , ..,.. c ~;~.::~.r:tu;-e-'  h e i g h t . .  in c a s e s  where t h i s  was 
. .. ,. 1: ?.;;: :,: : - 1 . *  .... i.2:'; ,ca:-c- :s:. -L.L.; -:! t h a t  peop- le  were , a t  ' s a f e .  

. . .  3.0cz";:, :: .. . .  ..... . . .  . -  .. . . :  :.! t h e  .struct::i-::  . . . 

The t h i r d  zone ir!clucler; Zones 1 and 2 and e x t e n d s  from t h e  
EW o u t  t u  a l a d i a l  d i s t a n c e  where t h e  peak n o r i z o n t a l  component 
of a c c e l e r a t i o n  h a s  a t t e n u a t e d  t o  0 . 0 3  g .  Wi th in  t h i s  zone i t  i s  
r e a s o n a b l e  t o  e x p e c t  some damage t o  s t r u c t u r e s ,  whereas  o u t s i d e  
t h i s  zone t h e  p r o b a b i l i t y  of  damage t o  s t r u c t u r e s ,  w h i l e  n o t  
z e r o ,  i s  ex t r eme ly  s m a l l .  Wi th in  t h i s  zone a  c a r e f u l  s t r u c t u r a l  
i n v e n t o r y  s h o u l d  b e  p r e p a r e d .  T h i s  i n v e n t o r y  documents t h e  l o c a -  
t i o n ,  c o n d i t i o n ,  ownersh ip ,  and v a l u e  of  s t r u c t u r e s  i n  t h e  zone 
and i s  u s e f u l  i n :  1)  i d e n t i f y i n g  s e i s m i c a l l y  s e n s i t i v e  s t r u c t u r e s  
which r e q u i r e  unusua l  p r e c a u t i o n s ,  and  2 )  c a t a l o g i n g  p o s t d e t o n a -  
t i o n  damage c l a i m s .  T h i s  i n v e n t o r y  a l s o  forms a  fundamenta l  p a r t  
of  any damage p r e d i c t i o n  t e c h n i q u e .  Where s e i s m i c a l l y  s e n s i t i v e  
s t r u c t u r e s  o r  s i t u a t i o n s  e x i s t ,  p r e c a u t i o n s  s h o u l d  b e  t a k e n  t o  
a v o i d  h a z a r d  t o  p e o p l e  o r  damage t o  s t r u c t u r e s ;  i . e . ,  e v a c u a t i o n  
of t h e  s t r u c t u r e s  and/or  b r a c i n g  and p r e d e t o n a t i o n  r e p a i r .  I n  
a r e a s  which a r e  p rone  t o  r o c k - ,  l a n d - ,  and s n o w s l i d e s  , s p e c i a l  
p r e c a u t i o n s  ( such  as  r o a d b l o c k s )  s h o u l d  b e  t a k e n .  Workmen i n  
h i g h  p l a c e s  ( l i nemen ,  s t e e l  w o r k e r s ,  e t c . )  s h o u l d  be  warned a n d ,  
where p o s s i b l e ,  s h o u l d  avo id  work ing  i n  t h e s e  p l a c e s  d u r i n g  t h e  
i n t e r v a l  from d e t o n a t i o n  t o  g round  motion p a s s a g e .  I n  c a s e s  
where t h e  motion might  c a u s e  a p s y c h o l o g i c a l  problem,  s p e c i a l  
p r e c a u t i o n s  s h o u l d  be t a k e n ;  e . g . ,  e v a c u a t i o n  of  s c h o o l s .  

Zone 4 

The f o u r t h  zone e x t e n d s  from t h e '  o u t e r  l i m i t  o f  Zone 3 o u t  t o  a .  
r a d i a l  d i s t a n c e  where t h e  peak  h o r i z o n t a l  a c c e l e r a t i o n  . has  a f t e n -  
u a t e d  t o  0 .001  g .  Ou t s ide  t h i s  zone i t  i s  d o u b t f u l  t h a t  t h e  
mot ion  from t h e  d e t o n a t i o n  can be p e r c e i v e d  by humans. While no 
damage i s  e x p e c t e d  o u t s i d e  of Zone 3 ,  any s t r u c t u r e s  i n  Zone 4 
which a r e  s e i s m i c a l l y  s e n s i t i v e  s h o u l d  be  i d e n t i f i e d  and a n a l y z e d  
and ,  i f  n e c e s s a r y ,  p r e c a u t i o n s  s h o u l d  be  t a k e n  t o '  a v o i d  h a z a r d  t o  
p e o p l e  o r  damage t o  s t r u c t u r e s  ; i . e.. , e v a c u a t i o n  o f  t h e  s t r u c t u r e s  
a n d / o r  b r a c i n g  and p r e d e t o n a t i o n  r e p a i r .  I n  a r e a s  which a r e  p r o n e  
t o  r o c k - ,  l a n d - ,  and s n o w s l i d e s ,  s p e c i a l  p r e c a u t i o n s  ( s u c h  a s  
r o a d b l o c k s )  s h o u l d  be t a k e n .  Workmen i n  h i g h  p l a c e s  ( l i nemen ,  
s t e e l  w o r k e r s ,  e t c . )  s h o u l d  b e  ,warned and ,  where p o s s i b l e ,  s h o u l d  
a v o i d  working i n  t h e s e  p l a c e s  d u r i n g  , t h e  i n t e r v a l  from d e t o n a t i o n  
t o  ground motion p a s s a g e .  I n  c a s e s  'where' t h e  mot ion migh t  c a u s e  a 
p s y c h o l o g i c a l  problem, s p e c i a l '  p r e c a u t i o n s  s h o u l d  be  t a k e n ;  e . g .  .., 
e v a c u a t i o n  of s c h o o l s .  



5 .  FREQUENCY PREi)TCTLON 

In, t h e  p a s t ,  predictions have  b.eei-~ ma.5e 02  f r e q x e l ~ c y .  c31.1.te2z 

of t h e  grourld r,!c:.t:lor! b y  :...=. .,:.,zns o:' ??I& l;scuriorelatd.ve. ve locj.  :y - . 

s p e c t r u m .  (I3S2'J) w i t k  !i; p ~ r c . e n t  dampir1.g .- T h i s  e n l p i r i c a l  -LechnS.qcte 
i s  b a s e d  or, ass:l;r.ptio:.i,s ~ r h i c h  n ; ~ y .  o r  nay n o t  h o l d .  These  pl-edic-:  
t i o n s  have .  t e e n  used rnrri-niy h.y t h e  s<;risct~li-a?-.. yespons e  c o n t r a c t o r .  . 
i n  es  t-3.mat.j.ng t h e  r i s k  t.c l a r g e  o r  sej-smic s e n s i t i v e  s t r u c t u r e s  
i n  t h e  a r e a .  Due t o  t h e  u n c e r t a i n t i e s  i n  t h e  r e l a t i o n s h i p  of ' 

m o t i o n .  t c  damage and t h e  l i m i t e d  u s e s  o f  t h i s  t y p e  of p r e d i c t i o r i  
i n  t h e  Rul i son  a r e a ,  a  s i m p 1 i f i e . d  p r e d i c t i o n  t e c h n i q u e  a p p e a r s  
j u s t i f i e d .  

The f o l l o w i n g  s imple  and i n e x p e n s i v e  method i s  proposed.  f o r  t h e  
emp . i r i ca1  p r e d i c t i o n  of f r e q u e n c y  c o n t e n t .  

E q u a t i o n  S I  i s  used t o  s c a l e  ~ ~ u a t i o h  A 7  t o  t h e  g i v e n  y i e l d  and  
d e p t h  o f  b u r i a l .  This ,  s c a l e d  e q u a t i o n  t h e n  can  b e  used  t o  c a l c u -  
l a t e  t h e  average p s e u d o a b s o l u t e  a c c e l e r a t i o n  (PSA4) a t  t h e  
d e s i r e d  l o c a t i o n .  T h i s  v a l u e  of  t h e  ave rage  PSAA de te rmir les  l i n e  
a a l  on F igu re  1. 

E q u a t i o n  S 6  i s  then  u s e d  t o  s c a l e  E q u a t i o n  V7 ' t o  t h e  g i v e n  y i e l d  
and d e p t h  of b u r i a l .  Using t h i s  s c a l e d  e q u a t i o n  t h e  v a l u e  of t h e  
PSRV i s  c a l c u l a t e d .  T h i s  v a l u e  d e t e r m i n e s  l i n e  v v '  on F i g u r e  1. 

A d i s t a n c e  i s  now measured a l o n g  vv '  s t a r t i n g  a t  t h e  i n t e r s e c t i o n  
of a a l  and v v l  i n  t h e  d i r e c t i o n  o f  i n c r e a s i n g  p e r i o d  and e q u a l  10 
t h e  d i s t a n c e  between 0 . 2  and 0 . 3  s econds  measured on t h e  p e r i o d  
s c a l e .  T h i s  e s t a b l i s h e s  p o i n t  D which i n  t u r n  e s t a b l i s h e s  t h e  
l i n e  dd '  on t h e  average  r e l a t i v e  d i s p l a c e m e n t .  

T h i s  method of p r e d i c t i o n  i s  s t r i c t l y  e m p i r i c a l  and  g i v e s  a  much 
s i m p l i f i e d  spectrum, I n  g e n e r a l ,  t h i s  s i m p l i f i e d  spec t rum i s  

1 a d e q u a t e  f o r  e n g i n e e r i n g  p u r p o s e s .  
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hsve ranged from t h e  ext1-emely si!nr;:-e ;::. . e . : :.,--. . .  ;..I,.- ,-> .-P~.... - >-.-ir -- - A& 7 ~ judgment) t o  t h e  very  comp1ica t .e~  ! i . . . ,  .. . ::traL m a t r i x  - 
method) . ( '1 I t  i s  d i f f i c u l t  t o  j u s t i f y  i l i ~  . i j . , . lk:  ... and expense  
invo lved  i n  t h e  compl ica ted  methods due t o  t h e  u n c e r t z i n t y  ir.  
t h e  r e l a t i o n s h i p  o f  damage t o  motion;  on t i le  o t h e r  hand,  t h e  
damage caused by. n u c l e a r  exp ios  ions  t o  d a t e  is . t oo  s m a l l  t o  form 
an adequate  b a s i s  f o r  t h e  sound e n g i n e e r i n g  judgenent  method. 

Two p r e d i c t i v e  t echn iques  w i l l  be p r e s e n t e d  which a r e  s i m p l e  
and i n e x p e n s i v e .  Admit ted ly ,  t h e  d a t a  sample on which t h e s e  
t echn iques  a r e  based i s  r a t h e r  smal l  b u t  i t  i s  from moticn mea- 
s u r e d  and damage c la ims  p a i d  r e s u l t i n g  from t h e  Rul ison  e v e n t .  

The f i r s t  method i s  based on t h e  peak v e c t o r  v e l o c i t y .  Using 
t h e  d a t a  from t h e  Rulison d e t o n a t i o n ,  a  p l o t  o f  peak v e c t o r  
v e l o c i t y  v e r s u s  t h e  c l a i m - b u i l d i n g  r a t i o  ( i . e . ,  number of damage 
c la ims  p a i d  p e r  number of b u i l d i n g s  i n  t h e  l o c a l i t y )  seems t o  
show a  l i n e a r  r e l a t i o n s h i p  on a  l o g  log  s c a l e  ( F i g u r e  2 ) .  T h i s  
i s  a  ve ry  smal l  d a t a  sample upon which t o  b a s e  t h e  r e l a t i o n s h i p  
of  damage t o  peak v e c t o r  v e l o c i t y ;  however, an a n a l y s i s  of t h e  
Bureau of Mines' d a t a ( ' )  shows a  s i m i l a r  r e l a t i o n s h i p  ( F i g u r e  2 )  

. b u t  o c c u r r i n g  a t  h i g h e r  v a l u e s  of v e l o c i t y .  I n  e v e r y  c a s e ,  t h e  
Bureau of Mines' v e l o c i t y  d a t a  was measured a t  t h e  l o c a t i o n  
where damage o c c u r r e d ,  whereas,  i n  t h e  Rulison d a t a  t h e  v e l o c i t y  
was measured i n  one o r ,  . a t  most ,  two p o i n t s  and was assumed t o  
apply  t o  t h e  whole l o c a l i t y .  I n  deeply i n c i s e d  in te rmontane  
v a l l e y s ,  such  a s  e x i s t  i n  t h i s  a r e a ,  one can e x p e c t  r a p i d  l a t -  
e r a l  changes i n  n e a r - s u r f a c e  geology and hence r a p i d  changes i n  
s e i s m i c  re sponse .  An example o f  t h i s  i s  t h e  De Beque c a s e .  I n  
t h i s  c a s e  S t a t i o n  No. 1 agrees  reasonably  w e l l  w i t h  t h e  l i n e a r  
r e l a t i o n s h i p  based  on t h e  Rul ison  d a t a  w h i l e  S t a t i o n  No. 2 ,  only  
1000 f e e t  away, i s  f a r  more s e n s i t i v e  s e i s m i c a l l y  and i s  much 
c l o s e r  t o  t h e  Bureau o f  Mines' d a t a .  

S i n c e  t h e  r e g r e s s i o n  e q u a t i o n s  a r e  based  on t h e  h a r d - r o c k  Rul i son  
d a t a ,  t h e  damage p r e d i c t i o n  shou ld  be based  on t h e  Rul ison  r e l a -  
t i o n s h i p ,  n o t  t h e  Bureau o f  Mines' r e l a t i o n s h i p .  

The damage p r e d i c t i o n  t echn ique  i s  as f o l l o w s :  

1. Using Equat ion  V p  o r  Equat ion  V j  (depending upon t h e  . 
d i s t a n c e  from t h e  EW), p r o p e r l y  s c a l e d  t o  t h e  iew y i e l d  
and depth  of  b ' u r i a l  (Equat ion  S - 6 )  , determine  t h e  v a l u e  
o f  t h e  peak v e c t o r  v e l o c i t y  expec ted  a t  t h e  l o c a t i o n .  
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Figure 2. Seismic d a m a g e  vs. peak vector velocity. 



2 .  Using t h e  l i n e a r  r e l a t i o n s h i p  i n  F i g u r e  2 d e t e r m i n e  t h e  
c l a i m - b u i l d i n g  r a t i o  and m u l t i p l y  by t h e  number o f  b u i l d -  
i n g s .  T h i s  g i v e s  t h e  number o f  e x p e c t e d  damage c l a ims  a t  
t h a t  l o c a t i o n .  

3 .  M u l t i p l y  t h e  e x p e c t e d  number o f  c l a i m s  by $300 ( t h e  
average  c o s t  o f  Ru l i son  c l a i m s )  to- d e t e r m i n e  t h e  d o l l a r  
v a l u e  of damage a t  t h a t  l o c a t i o n .  

4 .  Perform s t e p s  1 th rough  3 f o r  a l l  l o c a t i o n s  and sum t h e  
v a l u e s .  T h i s  g i v e s  t h e  t o t a l  v a l u e  o f  t h e  damage e x p e c t e d .  

The  second p r e d i c t i o n  t e c h n i q u e ,  deve loped  by M .  N a d o l s k i (  ') a t  
Lawrence Livermore Labora to ry  (LLL) u s i n g  d a t a  from t h e  Salmon 
e v e n t  i n  M i s s i s s i p p i  and Nevada T e s t  S i t e  d a t a ,  i s  based  upon 
t h e  p r e d i c t e d  average  PSAA. 

The t e c h n i q u e  is  a s  f o l l o w s :  

1. Use. Equat ion  A 7  p r o p e r l y  ' s c a l e d  t o  t h e  new y i e l d  and 
dep th  of b c r i a l  (Equat ion  S4) t o  p r e d i c t  t h e  v a l u e  o f ,  
average  PSAA expec ted . .  

2 .  Use F i g u r e  3 (Nadolski-LLL r e l a t i o n s h i p )  t o  p r e d i c t  t h e  
c l a i m - b u i l d i n g  r a t i o  e x p e c t e d  from t h i s  v a l u e  o f  PSAA. 

3 .  M u l t i p l y  t h e  c l a i m - b u i l d i n g  r a t i o  b y t h e  number of b u i l d -  
i n g s  t o .  o b t a i n  t h e  number o f  e x p e c t e d  c l a i m s .  

4 .  M u l t i p l y  t h e  number o f  c la ims  by  $300 t o  o b t a i n  d o l l a r  
v a l u e  of danage a t  t h i s  l o c a t i o n .  9 

5 .  Sum these d o l l a r  v a l u e  f i g u r e s  f o r  a l l  l o c a t i o n s  t o  
a r r i v e  a t  t h e  t o t a l  e x p e c t e d  damage c o s t .  

1.t s h o u l d  b e  p o i n t e d o u t  t h a t  t h e s e  damage p r e d i c t i o n s  a r e  
l i l n i  t e a  to. t h e .  l o w -  c o s t ,  1 ; o w - r i s e .  b u i l d i n g s  ';:y?j,ca.l. o f  t h e  
Ru l i son  a r e a  and do n0.c inc luGe sny c l s i m  .z+-ju:;.t.i.ng . . 9r zdniF2- . 
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P S A A  (cm/set?)  

Figure 3. Seismic damage vs. P S A A .  
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ESCALATION EQUATIONS 
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. . SCALING EQUATIONS 

. , 
' ., 

. .. * -.-.I= . . f o r  Y i e l d  'Only . .  . :  

S c a l i n g  f o r  Y i e l d  a n d '  D e ~ t h  o f  B u r i a l  

Where w i s  y i e l d  i n  k t  
and h i s  depth  i n  f t .  

Where k = h 

350w1/" 

These e q u a t i o n s  hold whether  t h e  s c a l i n g  i s  be ing  done t o  t h e  
peak v e c t o r ,  t o  t h e  peak h o r i z o n t a l  component, o r  t o  t h e  PSAA 
and PSRV. 

a  = a c c e l e r a t i o n ,  e i t h e r  peak v e c t o r  o r  peak h o r i z o n t a l  component. 

v = v e l o c i t y ,  e i t h e r  peak v e c t o r  o r  peak h o r i z o n t a l  component. 

d = d i sp lacement ,  e i t h e r  peak v e c t o r  o r  peak h o r i z o n t a l  component. 



h . ... . . . .  . .I The r-'.-- e2' . ;:::: ;. :.o-i- L.:C:?LC. . - - A . b . ,  ,.:!3pl-acement have 
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bee.3. d:y..i:: : - i j znd  re . U .  5 8  and. -0 .33  ,' . . . . 
. ,.. respec;;:j..i..-. ' . . . . . * L .:. 

2 . .  . : , ,  -.-.-::ic,. -;:., - r . . . - * . - .  
. . -- ... ..:.: i;: ..., :: -<:!: t g s . c p i b e  - the .  .ground .: . - -  

. . . moti.on i n  t h e  c : l  - . .<- .%<: ?-(:giiji-; T i :  mp_l:ies, i n  g e n e r a l  , - - - 
t h a t  .v = ( a < )  ' / 2  

Hence : 

0 . 7 3  0 . 1 2  

' = ] (4 , a s  g i v e n .  

3. The y i e l d  e x p o n e n t s  d e r i v e d  from NTS e x p e r i e n c e  a r e  0 . 6 4 ,  
0 .77 ,  and 0 .85  f o r  a c c e l e r a t i o n ,  v e l o c i t y ,  and d i s p l a c e -  
ment ,  r e s p e c t i v e l y ( B ) .  The m a j o r i t y  o f  t h e s e  d a t a  come 
from d e t o n a t i o n s  a t  a  s c a l e d  d e p t h  of  b u r i a l  o f  350w1/' .  
I f  one r e q u i r e s  t h e  e q u a t i o n s  t o  r e d u c e  t o  t h e s e  e x p o n e n t s  
f o r  dep ths  o f  b u r i a l  t o  t h e  s c a l e d  d e p t h ,  t h e  exponen t s  

f o r  % become 0 .47 ,  0 . 7 3 ,  and 0 . 9 9  f o r  a c c e l e r a t i o n ,  
W2 

v e l o c i t y ,  and  d i s p l a c e m e n t ,  r e s p e c t i v e l y .  

There  i s  an u n c e r t a i n t y  i n  d e r i v i n g  t h e  r e g r e s s i o n  e q u a t i o n s  a n d  
i n  s c a l i n g  them t o  a new y i e l d  and d e p t h  o f  b u r i a l .  The c u r r e n t  
p u b l i s h e d  d a t a  'do n o t  f u r n i s h  i n f o r m a t i o n  o f  t h e .  amount of t h i s  
u n c e r t a i n t y .  As a  r e s u l t ,  t o  b e  c o n s e r v a t i v e ,  a s a f e t y  f a c t o r  o f  
2 . 5  t o  1 o v e r  p r e d i c t e d  v a l u e s  o f  a c c e l e r a t i o n  has  been  assumed 
f o r  t h e  c a l c u l a t i o n s  i n v o l v i n g  s a f e t y  o f  p e r s o n n e l  o r  f o r  damage 
t o  h i g h - v a l u e  s t r u c t u r e s  i n  t h e  a r e a .  T h i s  assumpt ion  r e s u l t e d  
from s c a l i n g  t h e  Gasbuggy d a t a  t o  t h e  R u l i s o n  e v e n t  a n d  n o t i n g  
t h a t  a l l  o f  t h e  R u l i s o n  d a t a  f e l l  w i t h i n  a 2 . 5  t o  1 band .  



,3 .  22.8 to, 296 km Displacement Vector 

d = 17.2~-'-~O a = 1.42 

4. 0 to 296 km Peak Horizontal Component 

d = 9 . 2 5 ~ - ' * ~ '  a = 1.45 

5. 0 to 22.8 km Peak Horizontal Component 

d = 6 . 2 4 ~ - ' * " ~  u = 1.29 

6. 22.8 km to ,296 km Peak Horizontal Component 



VELOCITY EQUATIONS 

-~ . . . . .. . . . . .... . . .  .. . -. . ?relocj . ty  VecZcr. 

. . :> 1 6 ~ , -  1,. 9 7 a = 1 . 5 3  

. . . . .  . -. . , . , . ;.I 1;; V e l o c i t y  .Vec to r  .. .. . 

y = 483R-'* 7 2  a = 1 . 1 9  

3. 2 2 . 8  Irm V e l o c i t y  V e c t o r  

v = 1 5 6 4 ~ - ~ -  O 9  a = 1 . 6 1  

4. 0 to 296 km Peak H o r i z o n t a l  Component 

v - 6 7 2 ~ - ' - ~ "  a = 1 . 5 9  

5. 0 to 2 2 . 8 k m  Peak H o r i z o n t a l  Component. 

v = 196R-'a a = 1 . 3 1  

' ' 6 .  22.8 km t o  296 km . Peak  H o r i z o n t a l  C.omponent 

av. PSRV = 994R-'-" 



.2 .  0 t o  22 .8  km V e c t c r  I ' ; . cce le r . a t ion  

a  = 1 9 , 7 ~ - ' . ~ ~  - . .  
. . l . . . > L l  

3 .  2 2 . 8  t o  296 km V e c t o r  A c c e l e r a t i o n  

4 .  0  t o  296 km Peak  H o r i z o n t a l  Component 

a = 3 6 ~ - ~ . ~ ~  a = 1 . 5 7  

5 .  0 . t o  2 2 . 8  km Peak H o r i z o n t a l  Component 

a = 9 . . ' 0 5 ~ - l .  9 a = 1 . 3 5  

6 .  2 2 . 8  t o  296 km Peak - H o r i z o n t a l  Component 

7 .  0  ' t o  65  km Ave rage  PSAA 



APPENDIX B 



S t a t i o n  iclr., - -- . 

R 0 3  
R0 2 
R 0 4  
R 2 5  
R 0 6  
R0 7 
R26  
R 1 2  
R17. 
R 1 8  
R 1 9  
R 2 0  
R2 8 
R2 4 
R4  8 
R 2 9  
R4 3 
R 3 1  
R 3 0  
R 3 6  
R 3 8  
R 3 4  
R4 1 

Data f rom Refe.rence 2 .  



VELOCITY DATA . 

Data f r o m  Reference 2 .  



Data  from Reference 2 .  

. . 



Data from Reference 2 .  
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REGRESSION GRAPHS 



Eq. D,-0 T O  296 k m ,  d = 9.25 R " . ~  

I 10 . 100 too 

SLAlJT DISTANCE ( K M )  

I 
F'igure C -  1. Peak horizontal d i sp lacement  vs .  slant distance (0 to  296 km).  .' 



.Eq. D 5 - 0  TO 22 km , d = 6.24 R - I - ~ ~  

EQ. D,- 22 TO 296 k m ,  d = 10.2 R - ~ . ~ ~  

10 I00 

SLANT DISTANCE (KM) 

Figure C - 2. Peak horizontal displacement vs .  slant 
distance (0 to 22 km and 22 to 296 km).  



Eq. 0 , ' -  0 TO 296 km, d = 15.2 R - ~ . ~ ~  
. . .. 

I 10 I00 1000 

SLANT DISTANCE (KM) 

Figure C-3.  Peak vector displacement vs. slant distance (0 to 296 km). 



Figure C-4. Peak vector displacement v s .  slant 

distance (0 to 22 km and 22 to 296 km). 

Ep. D2- 0 TO' 22 km, d = 14.3 R--I.'' 

. Eq. D3- 22 TO 296 km, d = 17.2 R 



Eq. V 4 - 0  TO 296 km, v = 672 R - ' . ~ ~  

SLANT DISTANCE ( # M I  

Figure  C - 5 .  Peak hor izonta l  component  velocity vs .  s l an t  d is tance  (0 t o  296 km). 



EQ. V s - 0  T O  22 km,  ' v -  196 

Eq. V, -22 TO 296 km,  v - 1888 R - ~ - ~ ~  

SLANT DISTANCE ( K M )  

Figure C - 6 .  Peak  horizontal '  component velocity vs. s lan t  

distance (0 to 22 km and 22 to  296 km). 



Eq. V, - 0 TO 296 km,  v = 916 R - ~ - ~ ~  
. . 

SLANT DISTANCE (KM)  

. . 

Figure C-7. Peak  vector ve loc i ty  v s .  s lant  distance (0 to 296  k m ) .  



Figure C-8. Peak vector velocity vs .  slant distance (0 to 22 krn and 22 to 296 krn). , 

E q ; V 2 - 0  TO 22 km,  v = 4 8 9 ~ ' ' . 7 2  

Eq. Vg- 22 TO 2'96 km, v = 1564 
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Eq. A,: 0 TO 2 S C  I;m, o = 36 R-*.O' 
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F i g u r e  C - 9. P e a k  ho r i zon ta l  component acce l e r a t i on  
vs .  s l a n t  dis tance (0 to 296  km). 



Eq. A S - 0  TO 22 krn, a = 9.05 R ' ' . ~ '  

Ec. A,- 22 TO 296 km, a = 107 R - ~ ~ ~ ~  

SLANT DISTANCE ( K M )  

Figu re  C -  10. Peak horizontal  component accelerat ion vs.  

s lant  distance (0 to 22  k m  and 22 to 296 k m ) .  



Eq. A l  - 0 TO 296 k r n ,  0 - 63 .5  R'  2 . ' 8  

S L A N T  D ISTANCE (#MI 

Figure C - 1 1 .  Peak vector acceleration vs. slant distance (0 to 296 km).  
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SLANT DISTANCE ( K M )  

Figure C-12. Peak vector acceleration v s .  slant 
distance (0 to  22 km and 22 to 296 km). 



Eq. A T - 0  T O  6 5  km, PSAA (g)  : 28 R"." 

SLANT DISTANCE ( K U )  

Figure C- 13. liverage' PSAA vs. slant distance ( 0  to  6 5  km). 
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